ABSTRACT. In this study, we aimed to estimate the relationship between some common bean traits using molecular markers and applying QTL mapping. We used a segregating population derived from a crossing between common bean cultivars, Jalo and Small White, in the Southern State of Minas Gerais. Of F 2 plants, 190 F 2:3 progenies were generated. Phenotypic measures related to the pod and leaf lengths and the 100-grain weight were used. DNA sampling and genotyping with SSR markers were performed in F 2 plants and the pure parental. The 190 F 2:3 progenies and six controls were evaluated through a 14 x 14-m triple lattice. Adjusted means of evaluations related to F 2:3 were used in QTL mapping using Bayesian moving away method. Significant genetic differences were detected between parents and between progenies for all traits. The heritability estimates were 58.89, 79.39, and 50.37% for leaf length, 100-grain weight, and pod length, respectively. Genetic and phenotypic correlations were significant and ranged from 0.44 to 0.74, which indicated an association between leaf length, 100-grain weight, and pod length traits. Significant genetic correlations between the three morpho-agronomic traits may be due to associations between QTL for different traits. The most promising candidate marker was the BMD17 for leaf length; BM143 for 100-grain weight; X57211 and PVBR118 for pod length. The most promising markers, which might be used for indirect selection for all three traits, are simultaneously X57211 and BM197.
INTRODUCTION
The common bean domestication occurred separately in Mesoamerica (small seeds) and Andes (large seeds), and the seed size is the main characteristic that distinguishes these two germplasm groups (McClean et al., 1993; Hannah et al., 2000; Vieira et al., 2005) . The Andean group is characterized primarily by large grains and T, C, H, and A phaseolin, while Mesoamericans have small seeds and S phaseolin (Gepts and Debouck, 1991) . The seed size ranges from small (less than 20 g/100 seeds, such as Small White cultivar) to large (greater than 40 g/100 seeds, such as Jalo cultivar).
Being of different domestication centers, some cultivars (as Jalo and Small White) contrast in many traits beyond the seed size, such as the leaves and pod sizes.
According to Collicchio et al. (1997) , the pod inflorescences come from changes in differentiable leaves. Thus, cultivars with small leaves will produce small pods and grains, and vice versa. However, few studies have been conducted to confirm this association. Among them, the Duarte and Adams (1972) 's study reported a positive correlation between grain size and leaf size. Regarding the pod length and 100-grain weight, Aryeetey and Laing (1973) estimated in cowpea significant genotypic correlation and high magnitude (0.95). It is not known whether these correlations arise from linkage or pleiotropy effects. An additional study involving molecular markers and trait QTL mapping could clarify the association between these traits and also be used for marker assisted selection in common breeding programs.
The objective of this study was to estimate the correlation between the traits 100-grain weight, pod length, and leaf length and identify QTL controlling these traits in a population derived from a cross between the cultivars Jalo and Small White.
MATERIAL AND METHODS

Genetic material and phenotyping
The lines Jalo EEP 558 and Small White were used as the parents. The Jalo cultivar has large leaves and pods and 100-grain weight around 40 g. The Small White cultivar has small pods and leaves and 100-grain weight around 15 g. From the individual F 2 plant an F 2:3 progeny was obtained totaling 190 progenies. This progeny plus both parents (Jalo and Small White lines) and the lines Cornell 605, G-122, Corujinha, and CNFC 9506 used as controls were jointly evaluated. Phenotypic data were obtained during the winter season crop in Lavras, Minas Gerais, and the experimental design used was a 14 x 14-m triple lattice. The experimental plot consisted of a 1-m row with 0.60-m spacing between rows and a sowing density of 15 seeds per meter. Cultural practices were normally used in bean crops.
After the flowering of the plants, measures of the central leaflet length of a fully developed leaf of the middle third of the plant were taken. To measure the length of the pod, the longitudinal extent between the base and the apex of the pod (mm) per plant was taken. It was measured a mature pod per plant, collected in the middle third of the plant. Measurements were made of ten plants per plot. The pods were collected at the end of the crop cycle, after full maturity. The 100-grain weight (in g) was obtained by weighing on a precision scale a random sample of 100 grains per plot.
Progeny genotyping
DNA extraction was done according to the method used by Lara et al. (2015) . Nucleic acids were rehydrated in Tris/EDTA buffer and quantified on 1% agarose gel using DNA markers of known concentrations. After quantitation, DNA was diluted to a concentration of approximately 10 ng/µL for the use in subsequent reactions. First, polymorphisms were investigated in the parents, performing polymerase chain reaction (PCR), with 600 pairs of random microsatellite primers (SSR) of Phaseolus vulgaris, whose sequences are available in the Bean Improvement Cooperative (BIC, 2007) . After checking the polymorphism in the parents, 70 primers considered polymorphic were used to genotype the F 2 population of 190 plants. Genotypes of the SSR markers were identified with scores of -1, 0, and 1 for homozygous with fewer base pairs, heterozygous, and homozygous with a greater number of base pairs, respectively.
QTL identification
Statistical analysis
We used the PROC MIXED -Statistical Analysis System Institute (SAS, 2000) for analysis of variance, considering a single score per plot, obtained from the average of the scores attributed to 10 plants.
The phenotypic and genotypic correlations between pairs of traits and their standard errors were obtained by an analogous procedure to that presented by Holland (2006) and Piepho and Möhring (2011) 
Moving away from the marker under Bayesian analysis
In this study, low marker density was obtained, which did not allow the construction of linkage groups consistent with common bean consensus map. To mitigate this situation and to remove marker bias in the search for QTL, we chose to map multiple QTL using pivotal markers. This technique was presented by Pamplona et al. (2015) and it allows the QTL to assume variable positions within a range (distance) set by the frequency of recombination between the QTL and the marker instead of fixed intervals between two flanking markers, such as in the mapping of multiple QTL, adopting a more restricted search. In this study, we used the recombination frequency range of 0 to 0.25, adopting a pivotal marker performing a QTL searching within this range.
Thus, it is assumed that the marker is linked to the QTL with a maximum value of 0.25, and it then moves across this interval, moving away or approaching the markers used as a pivot. Therefore, it is likely that the QTL may be located at any position within this range.
For the identification of QTL, the observed variables are the phenotypic data corrected from averages of progenies y = {y i }, i = 1,... n and the genotypes of markers, while unobserved variables are the general mean b 0 , the genotypes of QTL (x ij and w ij ), their effects (a j and d j ), the residual, additive, and dominant variances ( The adopted model is as follows: 
The specification of the likelihood function, the prior and posterior distributions, and Markov Chain Monte Carlo (MCMC) algorithm for a sampling of the complete conditional distributions used in this study were described by Pamplona et al. (2015) .
As many intervals do not contain any QTL, they are penalized and shrunk to zero by shrinkage Bayesian methodology. For this, we used a similar formulation to Bayes B, presented by Meuwissen et al. (2001) , Gianola et al. (2009), and Gianola (2013) . Thus, the hierarchical model can be described as:
0, with probability ~, ~ , 1, , 0, with probability1
The prior is a mixture of a mass of points at 0 (zero) with a Gaussian distribution, where Δ = 10 -8 , and π and 1 -π are the mixture probabilities, respectively, where π is assumed to be known and arbitrarily specified (herein assumed π = 0.95).
For a sampling of λ positions, the distribution does not present a closed function, and therefore, we used Metropolis-Hastings sampling. Using the priors presented herein, we obtained a model similar to that shown by Pamplona et al. (2015) , adapted to Bayes B as described by Meuwissen et al. (2001) . The conditional posteriors obtained in this model are similar to those obtained by Pamplona et al. (2015) , except that instead of the marker shrinkage ( )
Post-MCMC analysis
The profile of the QTL intensity was represented by Yang and Xu (2007) as a function of position f (λ). However, this is not sufficiently informative for inference about the QTL in shrinkage Bayesian analysis. Based on this, Yang and Xu (2007) proposed to describe the effects of QTL according to their quadratic and weighted forms by the intensity of the position: This test is equivalent to a Wald test [W(λ)] and follows an approximate chi-square distribution with two degrees of freedom (Yang and Xu, 2007) . In this study, the markers considered significant for this population were those with a value of (8) After identifying the likely QTL, the distances between markers and QTL were calculated in centimorgans, by using the Kosambi function, which assumes interference in recombination events (Kosambi, 1943) . Therefore, the formula used was 1 2 0.25 1 2 r x ln r
where r is the recombination frequency.
As the search for QTL may vary in the range of r = 0.25, the most probable position of a marker at a certain recombination distance is the mode in the range of 0 to 0.25. Thus, if the distribution of λ is uniform within that range, it is likely to represent no QTL. Alternatively, the intervals can be separated into groups of 1 cM to assess the relative frequency of "hits" in each group. The value of the Wald test can be weighted by the relative frequency (RF) to avoid regions little visited and with high Wald may overlap on regions much visited and with low Wald; this is possible since the change in position in the Metropolis-Hastings algorithm is based on the probability p(y|λ).
The relative frequency results multiplied by Wald (RF x Wald), heritability, and recombination frequencies are presented in graphs. For each morpho-agronomic trait, the first graph shows the RF x Wald values of 70 markers used in this study.
In the second graph for each morpho-agronomic trait, the markers are considered significant (RF x Wald > 5.99) where heritability values were higher than 50%, and other markers had their heritability values represented by zero, to more clearly visualize the results. The third graph for morpho-agronomic trait shows the recombination frequency values of the selected markers in the second graph, and the recombination frequency values of other markers are represented by zero for clear visualization of the final markers selected.
RESULTS
Correlation between traits
In our study, all estimated correlations between the traits were significant. According to Steel et al. (1997) , as the standard error is at least 50% lower than the estimate itself, it can be inferred that this correlation is significant (P < 0.05) ( Table 1 ). The correlations were positive, indicating that some genetic and non-genetic effects were common to induce a variation of traits in the same direction. Table 1 . Estimates of phenotypic (r f ) and genetic (r g ) correlation coefficients between leaf length, 100-grain weight, and pod length traits in common bean (F 2:3 progenies of crossing Jalo x Small White) in Lavras-MG.
*The values in parentheses refer to errors associated with correlation estimates. Regarding the magnitudes, the values ranged from 0.42 to 0.74, and all genotypic correlations were higher than the phenotypic ones, demonstrating the greater contribution of genetic factors in the association of these traits.
QTL identification
Leaf length
Among the 70 markers tested, 55 were identified as significant or associated with QTL (RF x Wald > 5.99) for the expression of leaf length trait. These markers are shown in Figure  1 . Markers are represented on the abscissas and the RF x Wald values on the ordinates. The red line is the limit of 5.99 for identification of QTL, and markers with peaks represented above this line are considered significant. Among the 55 significant markers, 13 had heritability higher than 50% (Figure 2) . The red line in Figure 2 represents the limit of 50% heritability and QTL considered significant must have peaks above this line to be selected. Importantly, markers with heritability lower than 50% are represented by zero; this was performed for better resolution of the markers selected in this step.
Heritability measures the reliability of marker-assisted selection (MAS) since it determines the percentage of genetic variation that is inherited. For this type of analysis, no pattern in the literature has defined heritability ranges that can be considered low, medium, or high. Therefore, herein, it was agreed that a minimum of 50% heritability would be considered acceptable for the use of certain markers in assisted selection. Therefore, the higher the value of heritability, the more useful and reliable the marker is.
To accept that a QTL and marker are linked, it was assumed that they must be at a maximum distance of 10 cM (the considerable limit for low occurrence permutations). In Figure 3 , the red line represents the 10 cM recombination frequency, and the markers linked to QTL, which are considered significant, must have a recombination frequency below this line.
Thus, among the 13 significant markers with heritabilities greater than 50%, 11 are linked to QTL: X57211, PV-at004, ATA9, PVBR67, X60000, PVgccacc001, BM160, ATA244, BMD17, GATS91, and BM197 (Figure 3 ). Of note, markers whose recombination frequencies are represented by zero in Figure  3 did not necessarily present true low values; however, for convenience, they were not represented in these graphs. Such representations were adopted to provide a better view of the peaks of the 13 markers previously selected.
Note that the marker 66, regarding the marker BMD17, stood out in the QTL identification for leaf length (Figure 1 ). This marker may be promising in the indirect selection because as well as being less than 1cM from the QTL (Figure 3 ) it has high heritability (79.37%), a criterion that defines the confidence in its use in assisted selection.
100-grain weight
For 100-grain weight trait, among the 70 markers, 64 identified significant QTL (RF x Wald > 5.99) (Figure 4) . Note that the most prominent marker in QTL identification was the marker 31, which represents the BM143. This marker identified QTL with higher value RF x Wald, associated with higher heritability estimate (98.66%) and high negative additive effect (-2.90), which lead it to act more efficiently by reducing the expression of the trait; this characterizes the marker as promising to be used in assisted selection. Among these 64 markers, 21 had heritabilities greater than 50% ( Figure 5 ). Moreover, among these 21 markers, 20 are linked to QTL, i.e., they presented distance of up to 10 cM from a QTL (Figure 6 ): X57211, PV-at004, ATA9, BM185, PVM45, PVBR189, PVESTBR_279, ATA269, BM143, BM212, BMD45, PVBR11, PVESTBR_71, BMc32, BMc5, BMc68, BMc88, GATS91, BM197, and PVBR93.
Pod length
For pod length trait, among the 70 markers, 58 identified significant QTL (RF x Wald > 5.99) (Figure 7 ). Among these 58 markers, 17 had heritabilities greater than 50% (Figure 8) . Moreover, among these 17 markers, 15 presented maximum distance of 10 cM from a QTL (Figure 9 ): X57211, PV-at008, BMc34, BM185, BM175, BM187, BM140, PVBR118, PVBR185, BN, BMc68, BMc88, BMD17, BM197, and PVBR93. Both markers that stood out are 1 and 47 (Figure 7) , corresponding to the X57211 and PVBR118. These markers also showed high heritability: 78.21 and 77.49%, respectively. For this trait, both markers appear more favorable to the use in indirect selection. Table 2 presents the common QTL for the three traits evaluated. The markers of this table are those significant (RF x Wald > 5.99) and with heritability greater than 50%.
DISCUSSION
Genetic correlation is the party of the heritability that may be caused pleiotropic effects or linked genes (Coimbra et al., 2000) . The genetic correlation between leaf length and 100-grain weight traits was 0.58; between leaf length and pod length traits it was 0.54; between pod length and 100-grain weight, it was 0.74. Awan et al. (2014) evaluated 13 common bean genotypes and obtained a phenotypic correlation of 0.44 between pod length and 100-grain weight. Aryeetey and Laing (1973) estimated, in cowpea, positive significant genotypic correlations (0.95) between pod length and 100-grain weight. The significant correlations obtained in this study indicate that these traits have a positive association, as also observed by Collicchio et al. (1997) . These results may suggest the presence of one or more genes responsible for the expression of these traits. In other words, it indicates the possibility of occurrence of common QTL between the traits.
The average magnitude of the correlations indicates the possibility of line selection, gathering traits of interest in common beans, as smaller leaves and pods and intermediate grain sizes.
The high number of significant QTL for the three traits may be due to the high variation in the population because the interval between the maximum and minimum averages was quite large: leaf length: 6.95 to 11.06 cm; pod length: 8.79 to 16.42 cm; and 100-grain weight: 15.19 to 31.83 g. We must remember that in this study a population obtained from a cross Andino x Mesoamerican was used. Blair et al. (2010) comment in their study that they found few QTL for Fe and Zn concentration in common bean seed and assign to the fact of using a genic intrapool crossing. They explain that in genic interpool crossings (Andean x Mesoamerican, for example) there is heterogeneity in greater numbers of genes involved in the inheritance of these traits. So there are more QTL identified when using this type of population.
Concerning the leaf length trait, reports regarding the identification of QTL for this trait were not found in the literature, which emphasizes the importance of the results found here.
Marker BM164 has been mapped to the linkage group 2 (LG2), by Davis et al. (2006) , linked to a QTL engaged in the expression of the pod length, and it is flanked by markers BM139 and BM172. In this study, the markers BM139 and BM172 also identified QTL associated with pod length; however, with low heritability, 24.57 and 35.50%, respectively. Table 2 . Coincidences between markers near significant QTL (RF x Wald > 5.99) and with heritability greater than 50% for the three traits -leaf length, 100-grains weight, and pod length -(F 2:3 progenies) in common bean. One of the principal studies in the literature using QTL mapping for 100-grain weight was performed by Blair et al. (2006) . The authors evaluated phenological characteristics, plant architecture, seed weight, production, and a component of production, in a population of backcross obtained crossing Cerinza and G24404. Several findings of these authors corroborate those found in this study about QTL for 100-grain weight and, therefore, it was considered appropriate to disclose them.
Marker BM143 has been mapped in LG2, by Blair et al. (2006) , linked to the QTL sw2.1 that controls seed weight (100-grain weight). Later, Cichy et al. (2009) also identified a QTL near marker BM143 engaged in the concentration of phosphorus (P) in the seed. The results of this study show that the marker BM143 identified a significant QTL for 100-grain weight trait and high heritability (98.66%); this makes it promising for use in MAS. Blair et al. (2006) also identified the QTL sw2.2 in LG2, controlling the 100-grain weight trait, linked to the marker BM152, where one of the flanking markers is GATS91. Another study that confirms the relationship of the marker BM152 with the 100-grain weight of 100 seeds was performed by Teixeira (2004) . The author identified QTL linked to this marker explaining the large percentage of the phenotypic variation for the 100-grain weight. In this study, the identified QTL by marker BM152, although significant, showed low heritability for both pod length and 100-grain weight traits. Marker GATS91 is near a QTL with high additive effect (0.60) and heritability of 77.22%.
In LG3, Blair et al. (2006) mapped the QTL sw3.1, linked to the marker BM181, flanked by markers BM197 and BM98. Among these markers, BM197 was used in this study and also identified a QTL for the evaluated traits. For leaf length trait, this marker identified a QTL with heritability of 50.77%; for pod length, the identified QTL had a heritability of 58.46%; and for 100-grain weight trait, the QTL had a heritability of 52.29%, and therefore, should explain part of the genetic correlation between these traits.
In LG4 the following markers were found: X60000 (it was found in the literature as PV-at003), mapped by Yu et al. (2000) , and PVBR35 mapped by Grisi et al. (2007) . Among these, the marker X60000 was used in this study, and it was associated with a QTL for leaf length trait, with heritability of 51.74%.
Marker PV-at006 was mapped in LG5, near the gene of expression of glutamine synthetase, one of the enzymes responsible for the assimilation of nitrogen by common bean (Yu et al., 2000) . This marker is located near a QTL (1.02 cM) controlling the 100-grain weight trait; however, with heritability of 25.32%.
Marker BM160 was mapped in LG7 initially by Gaitán-Solís et al. (2002) and also by Blair et al. (2006) that identified in this group the QTL sw7.1 linked to ph locus and flanked by markers BM160 and BM185. BM160 is also flanking the QTL ph7.1 controlling plant height. Marker BM185 is also associated with the QTL pw7.1 expressing plant width and the QTL sp7.1 engaged in the expression of the number of seeds per plant. In this study, marker BM160, despite identifying significant QTL for pod length and 100-grain weight traits, presents low heritability, and it is distant of QTL for both traits. However, the other marker flanking the QTL, BM185, in this study, appeared linked to a QTL for both pod length and 100-grain weight traits, with high heritability (53.17 and 96.20%, respectively).
In LG8, Blair et al. (2006) mapped the QTL sw8.2 linked to the marker BM165, where one of the flanking markers is BM189, which in this study also identified QTL for 100-grain weight; however, with intermediate heritability (48.48%).
Markers BM157 and BM212 were mapped in LG10 by Davis et al. (2006) and Blair et al. (2006) , respectively. The two markers are associated with QTL controlling the expression of 100-grain weight. Marker BM212 is linked to the QTL sw10.1. In this paper, these two markers also were associated significantly with QTL with high heritability for 100-grain weight and also leaf length and pod length. However, the marker BM157 segregates about 20 cM of the QTL in the three traits. When considering the three traits, among the 70 markers, four are common. However, two markers are noteworthy, in that they are linked to QTL: X57211 and BM197 (Table 2 ).
These results demonstrate the occurrence of common QTL for the different traits. It can be inferred that significant genetic correlations previously estimated, ranging from 0.54 to 0.74 between the three evaluated morpho-agronomic traits, result at least in part of the effect of these QTL.
Significant genetic correlation indicates that the evaluated traits may share one or more genes responsible for its expression. These genes or QTL can be pleiotropic or linked. However, what we see is that it was possible to identify six QTL, each working on three traits, which features probably pleiotropy. It is clear that the presence or not of pleiotropy can only be confirmed by a study of QTL isolation and sequencing them.
Beyond to understand the association between the traits, the markers that identified important QTL in this study have great potential for use in indirect selection because they were associated with high heritability and are close to their QTL, which is favorable evidence to its use in the MAS. Of course, some factors should be considered, especially the efficiency of selection methods that aimed at obtaining cultivars with varying sizes of seeds, leaves, and pods.
The adoption of the markers linked to QTL that control the three traits simultaneously for assisted selection makes the use of the molecular markers more economical by using a marker for simultaneous selection of more than one feature.
According to above, significant genetic correlations between the three morphoagronomic traits are, at least in part, results of the common effects of QTL for different traits. For assisted selection of each trait, those markers considered most promising are: BMD17 to the leaf length trait; BM143 to the 100-grain weight trait; and X57211 and PVBR118 to the pod length trait. The most promising markers that may be used for indirect selection of three traits simultaneously are X57211 and BM197.
